We have characterized the BRCA1 gene product by using four polyclonal antibodies raised against peptides from four different regions of the protein. The antibodies specifically recognize an Ϸ220-kDa BRCA1 protein that is predominantly expressed in the nucleus of both normal and neoplastic breast cancer cells. It is a serine phosphoprotein that undergoes hyperphosphorylation during late G 1 and S phases of the cell cycle and is transiently dephosphorylated early after M phase. We propose that BRCA1 is a phosphoprotein that alters in a qualitative and quantitative manner during cell cycle progression.
Breast cancer is one of the most common malignancies affecting women and is diagnosed in approximately 180,000 women each year in the United States. About 5-10% of all cases are estimated to be familial. Susceptibility to early-onset breast and ovarian cancer is conferred by mutations in a gene on chromosome 17q21 (1, 2) . This gene, termed BRCA1 (breast cancer gene 1), has been identified by positional cloning (3) . Mutations in the BRCA1 gene account for about 50% of inherited breast cancer cases and 80% of families predisposed to both breast and ovarian cancer (4) . However, very few mutations in the BRCA1 gene were found in sporadic breast and ovarian cancers (5) (6) (7) (8) . Instead, alterations in BRCA1 gene expression might lead to sporadic breast cancers (9) . Alternatively, BRCA1 protein may be aberrantly localized in sporadic breast cancers. Thus, an associated protein(s) responsible for proper subcellular location of BRCA1 may be mutated in these sporadic forms (10) .
The BRCA1 gene is expressed as a 7.8-kb mRNA transcript in several organs, including breast and ovary. The gene encodes a protein of 1,863 amino acids (3) . The protein contains a RING domain at its N terminus and putative nuclear localization signals in the central portion (3, (10) (11) (12) (13) . A RING protein has been identified that interacts in vivo with the N terminus of BRCA1 (14) . Conflicting data exist about the subcellular localization of BRCA1; one group suggests that the protein is nuclear in most cell types but cytoplasmic in breast and ovarian cancer cells (10, 11, 15) , whereas another group has shown BRCA1 to be localized exclusively in the nucleus of these cells (16) . In contrast, another group proposed that BRCA1 is a secreted protein in breast cells (17) . These conflicting results may be due to differences in antibody specificity and methods applied to determine the subcellular location of BRCA1 (15, 16, 18) .
To examine the properties of BRCA1 protein, we have prepared polyclonal antibodies that specifically recognize BRCA1 protein. These antibodies were used to determine the location of BRCA1 in subcellular fractions by immunoblotting. We report that BRCA1 is predominantly nuclear in both normal and tumor cells. We further show that the mobility of BRCA1 in SDS͞ polyacrylamide gels changes in a cell cycle-dependent fashion, reflecting changes in the phosphorylation state.
MATERIALS AND METHODS
Generation of BRCA1-Specific Antibodies. The resin-bound BRCA-1 peptides were synthesized utilizing a standard solidphase peptide synthesis protocol. The peptides were coupled to the carrier keyhole limpet hemocyanin in the presence of glutaraldehyde and injected into rabbits to raise antisera (19) . Antibodies were affinity purified from sera according to standard procedures.
Plasmid Constructions. pCL-MFG-BRCA1 was constructed as follows: A NcoI site was generated by PCR to enclose the BRCA1 start codon. Full-length BRCA1 cDNA was lifted from this construct as a composite of a NcoI (partial digest)-ApaI and an ApaI-Ecl136II fragment and inserted into the NcoI-cut and EcoRI-cut͞blunted pUHD-P1 plasmid. Finally, full-length BRCA1 cDNA was lifted from this construct as a NcoI (partial digest)-XbaI͞blunted fragment and inserted into NcoI (partial digest)-cut and BamHI-cut͞blunted pCL-MFG retroviral vector (20) .
Cell Culture, in Vivo Labeling, and Transfection. For synchronization in M phase, HeLa cells were treated with 0.1 g͞ml nocodazole (Calbiochem) for Ϸ15 h, and the nonadherent cells were rinsed off and washed twice with PBS before being replated in Dulbecco's modified Eagle's medium (DMEM; Mediatech, Washington, DC) ϩ 10% FBS (Intergen, Purchase, NY). S-phase arrest was performed by treatment with 2 mM thymidine for 12 h, 0.24 M thymidine͞deoxycytidine for 9 h, and 5 g͞ml aphidicolin (Sigma) for 12 h, each time followed by three PBS washes, before fresh medium was added. HeLa cells were separated on the basis of size by centrifugal elutriation using a JE-6B elutriator rotor (Beckman) at constant rotor speed and increasing flow rate (21) .
For labeling with [ 35 S]methionine, 293T cells were washed twice with PBS and incubated in DMEM lacking cysteine and methionine and containing 10% dialyzed FBS (GIBCO͞BRL) for Ϸ2 h at 37°C before [ 35 S]methionine (DuPont͞NEN) was added at Ϸ0.8 mCi͞ml (1 mCi ϭ 37 MBq). After overnight labeling, cells were washed twice with ice-cold PBS ϪϪ , scraped off from the plates, pelleted by centrifugation, and frozen. For 32 P labeling, cells were washed twice in phosphate-free DMEM and incubated in phosphate-free DMEM containing 10% dialyzed FBS for 45 min at 37°C before 0.8 mCi͞ml 32 P (H 3 PO 4 ; ICN Pharmaceuticals) was added. Cells were harvested after 4 h labeling.
Transfections of 293T cells were performed by the calcium phosphate method adapted from ref. 22 . We usually obtained transfection efficiencies of 40-70%, as determined by ␤-galactosidase assays in duplicate plates that were transfected with a lacZ expression construct.
Western Blot Analysis. Cells were lysed in 50 mM Hepes, pH 7.4͞150 mM NaCl͞10% (vol͞vol) glycerol͞1% Triton X-100͞15 mM MgCl 2 ͞10 mM EGTA͞1 g/ml pepstatin A͞100 mM NaF͞10 mM Na 4 P 2 O 7 ͞1 mM Na 3 VO 4 ͞80 mM ␤-glycerophosphate͞1 mM phenylmethanesulfonyl fluoride͞10 g/ml leupeptin͞21 g/ml aprotinin͞1 mM dithiothreitol͞10 mM Na 2 MoO 4 , and cell debris was removed by centrifugation at 12,000 rpm in a Sorvall Mc 12V centrifuge for 2 min at 4°C. Protein concentrations were determined with protein assay dye reagent (Bio-Rad). Equal amounts of protein per cell line were applied in each experiment. Proteins were electrophoresed through 5% or 6% polyacrylamide gels containing SDS and blotted to poly(vinylidene difluoride) (PVDF) membranes (Immobilon-P; Millipore). Membranes were blocked for 15 min in PBS containing 0.2% Tween 20 (PBST) and 5% dry milk. Primary and secondary (donkey anti-rabbit IgG horseradish peroxidase-linked whole antibody; Amersham) antibody reactions were performed in PBST͞1% dry milk, and proteins were detected by Renaissance chemiluminescence reagent (DuPont). Equal protein loading in each cell cycle experiment was monitored by the signal intensities of crossreacting proteins that have a lower molecular mass than the Ϸ150-kDa protein species.
Immunoprecipitations and Bacterial Alkaline Phosphatase (BAP) Treatment. Immunoprecipitations of in vivo overexpressed and endogenous proteins were performed in RIPA buffer (100 mM NaCl͞20 mM Tris⅐HCl, pH 8.0͞0.2% deoxycholic acid͞0.2% Triton X-100͞0.2% Nonidet P-40) containing 0.1% SDS overnight at 4°C, in the presence of staphylococcal protein A-Sepharose. Prior to precipitations, proteins were heated for 10 min at 100°C in RIPA buffer containing 0.5% SDS, and RIPA buffer was added to make a final concentration of 0.1% SDS. Proteinase and phosphatase inhibitors were added as indicated in the section above. After precipitation, beads were washed four times with RIPA containing 0.1% SDS, and proteins were eluted by heating for 10 min in SDS-loading buffer before SDS͞PAGE. For precipitations of in vivo labeled proteins, cells were resuspended in RIPA buffer containing 0.5% SDS plus inhibitors and passed 10 times through a 25-gauge needle (Becton Dickinson). RNase A was added at a concentration of 100 g͞ml to precipitate 32 P-labeled BRCA1. To BAP-treated BRCA1 in vitro, beads containing the immunoprecipitated protein were washed twice in RIPA containing 0.1% SDS and three times in BAP reaction buffer (100 mM Tris⅐HCl, pH 8.0͞5 mM MgCl 2 ) before incubating in BAP reaction buffer plus BAPF (Worthington) at a concentration of 0.5 mg͞ml at 55°C for 20 min.
Peptide Maps and Phosphoamino Acid Analysis. Twodimensional TLC peptide and phosphoamino acid analyses were performed as described (23) . Briefly, isolated proteins were either digested with trypsin (Worthington) or hydrolyzed with 6 M HCl at 110°C and then spotted onto TLC plates. Peptide maps were obtained by electrophoresis at pH 1.9 (horizontal) and then by chromatography at pH 8.9 (vertical). Phosphoamino acid maps were obtained by electrophoresis first at pH 1.9 (horizontal) and then at pH 3.5 (vertical). Subcellular Fractionation. Cytoplasmic and nuclear fractions were prepared in buffer A and C, respectively (24) . Membrane fractions were prepared in 50 mM Tris⅐HCl, pH 8.0͞1 mM EGTA͞5 mM MgCl 2 ͞1 mM phenylmethanesulfonyl fluoride (PMSF) as described (25) . Whole cell extracts were prepared in RIPA containing 10 mM Na 2 MoO 4 , 80 mM ␤-glycerophosphate, and 1 mM PMSF by passing cells 15 times through a 25-gauge needle before cell debris was removed by centrifugation. To all buffers, the following inhibitors were added: 1 g͞ml pepstatin A, 10 g͞ml leupeptin, 21 g͞ml aprotinin, 10 mM NaF, 10 mM Na 4 P 2 O 7 , and 1 mM Na 3 VO 4 .
FACS Analysis. Trypsinized cells were resuspended in 0.5 ml of PBS ϪϪ (minus Ca 2ϩ and Mg 2ϩ ) and fixed by adding 7 ml of 95% ethanol. Fixed cells were washed twice with PBS ϪϪ and resuspended in 1 ml of PBS ϪϪ containing 1% FBS, 5 g͞ml propidium iodide (Molecular Probes), and 250 g͞ml RNase A and incubated at 37°C for 30 min. Fluorescence-activated cell sorting analysis was performed by FACScan (Becton Dickinson) and analyzed by the CellQuest program (Version 3.0.1f; Becton Dickinson), and cellular DNA contents were calculated by using the Multicycle program (Phoenix Flow Systems, San Diego). Unless indicated otherwise, 10,000 cells were analyzed in each sample.
RESULTS

Generation and Characterization of Anti-BRCA1 Antibodies.
To analyze the BRCA1 gene product in cultured human cells, we have generated polyclonal antibodies that are directed against four different synthetic peptides derived from the BRCA1 protein sequence (Fig. 1A) . ney cells (293T) and showed that the Ϸ220-kDa protein is immunoprecipitated with the peptide antisera ( Fig. 1 B and C) . The endogenous Ϸ220-kDa protein in HeLa cells can also be identified (Fig. 1B, lanes 4 and 5) .
To confirm that the Ϸ220-kDa in vitro translated protein, the overexpressed protein, and endogenous BRCA1 protein immunoprecipitated with the peptide antisera are related, we subjected them to a two-dimensional tryptic peptide analysis. Fig. 2 shows congruent peptide patterns in all three cases, thereby authenticating the specificity of the peptide antisera.
Subcellular Localization of BRCA1. Conflicting data have been presented regarding the subcellular location of BRCA1 (10, 15-18, 26, 27) . To help provide a consensus on BRCA1 localization, we investigated its subcellular localization in several human cell lines, including cervix carcinoma (HeLa), ''normal'' breast (HBL-100) cells, and breast cancer cells (MDA-MB-468). Cells were fractionated into cytoplasmic, nuclear, and membrane extracts, and equal amounts of protein from each fraction were analyzed by immunoblotting. Using C-terminal-specific antisera (Ab-D), we detected the Ϸ220-kDa BRCA1 protein in the nucleus in MDA-MB-468, HBL-100, and HeLa cells (Fig. 3A) . In all three cell types, BRCA1 was also detected in the cytoplasmic fractions, although at a lower level. Virtually the same result was obtained by probing with the N-terminal antibody (Ab-A; Fig.  3B ). To validate the fractionation procedure, the blots were stripped and reprobed with antibodies against the cytoplasmic NFB2 precursor protein (ref. 28 ; Fig. 3C ) and the nuclear HIP protein (ref. 29 ; Fig. 3D ). These proteins fractionated accordingly. Although the results indicate a greater amount of nuclear BRCA1, they do not reflect the relative amount of BRCA1 protein in the cytoplasm and nucleus on a per cell basis. Instead, the results represent the amount of BRCA1 per same amount of cytoplasmic or nuclear protein. All BRCA1 antibodies crossreacted with other proteins, but in a fashion unique for each antibody. Notably, the C-terminal Ab-D detected a protein species of Ϸ150 kDa that was predominantly found in membrane fractions (Fig. 3A) . This protein could be the human epidermal growth factor receptor (EGFR) protein, since it has about the correct size for EGFR, and Ab-D is known to crossreact with EGFR and HER2 (30); see Discussion.
BRCA1 Is Phosphorylated on Serine. It has been shown that BRCA1 is a phosphoprotein (10, 31) . To determine the identity of the phosphorylated amino acids, a protein species of Ϸ220 kDa was precipitated by Ab-C in lysates from 32 Plabeled HeLa cells and BRCA1-overexpressing 293T cells (Fig. 4A, lanes 1 and 2, respectively) . We carried out phosphoamino acid analyses to determine the identity of the phosphorylated amino acids of BRCA1. As shown in Fig. 4B , BRCA1 is phosphorylated predominantly on serine and weakly on threonine residues. On prolonged autoradiographic exposures a weak tyrosine signal was also detected.
To determine the complexity of phosphorylation of BRCA1, we performed two-dimensional tryptic peptide analysis on the protein isolated from 32 P-labeled 293T cells overexpressing BRCA1. As shown in Fig. 4C , at least 13 tryptic peptides (p1-p13) could be detected on two-dimensional peptide maps. Subsequently, the phosphoamino acid content of these individual peptides was determined to be solely phosphoserine (data not shown). We conclude that BRCA1 is multiply phosphorylated, mostly on serine residues.
Expression of BRCA1 Protein Is Modulated During the Cell Cycle. BRCA1 has been postulated to be a tumor suppressor protein (3, 5) . Because the tumor suppressors p53 and Rb have been shown to be involved in cell cycle regulation and themselves are subject to changes during cell cycle progression (32), we investigated if BRCA1 similarly undergoes cell cyclespecific changes. To investigate the characteristics of BRCA1 protein during G 1 progression, lysates were prepared from synchronously growing HeLa cells that were harvested at different times after release from a nocodazole-induced Mphase block. Total proteins were isolated, separated by SDS͞ To inspect the fractionation procedure, immunoblotting was performed by using an antibody against NFB p52 (Santa Cruz Biotechnology) detecting p100 (C) and by an antibody against HIP116 (D). PAGE, and immunoblotted using Ab-D. Arrested cells contain a BRCA1 protein species that has a lower mobility than cells that are initially released from the block (Fig. 5A) . The migration of BRCA1 is faster within the first 7.5 h past release before it starts to decrease (data not shown). The amount and the mobility of BRCA1 increases and decreases, respectively, during progression through G 1 to S phase. This result indicates a qualitative and a quantitative change of the protein. The same result was obtained when Ab-C was used instead of Ab-D (data not shown). However, the Ϸ150-kDa protein(s) that also undergoes a change in electrophoretic mobility early after M block release (Fig. 5A , and data not shown) is detected only by the C-terminal antibody (Ab-D) and not by the Ab-C antisera.
We next arrested HeLa cells in S phase by a thymidineaphidicolin double block. After release from the block, BRCA1 was analyzed by immunoblotting using Ab-D. As shown in Fig. 5B , the mobility of BRCA1 is increased in early G 1 phase compared with S and G 2 ͞M phases, again underscoring modification of BRCA1 during this phase. The amount of BRCA1 protein is highest during S phase and remains elevated toward G 2 ͞M, before it declines in early G 1 . To extend these observations, HeLa cells were serum-starved and analyzed at different times after serum addition. The mobility of BRCA1 in S-phase-enriched cells was decreased compared with cells that were G 0 -enriched (data not shown). In an attempt to isolate HeLa cells at different phases of the cell cycle without imposing a reversible block, we subjected them to centrifugal elutriation. Again, the mobility of BRCA1 was decreased in S-and G 2 ͞M-phase-enriched cells (Fig. 5C) .
BRCA1 Is Differentially Phosphorylated During Cell Cycle Progression. The changes of BRCA1 mobility detected by SDS͞ PAGE could be attributed to changes in phosphorylation, since BRCA1 is a phosphoprotein (Fig. 4) . We therefore prepared immunoprecipitates of lysates from synchronized HeLa cells and treated the immunoprecipitated BRCA1 protein with BAP. Fig.  6A shows the BRCA1 mobility change at the different cell cycle phases by immunoblotting using Ab-D. Upon treatment with BAP, BRCA1 protein from the different lysates migrated faster (Fig. 6B ). This result demonstrates that the mobility changes of BRCA1 during the cell cycle are likely due to changes in phosphorylation. The fact that phosphatase-treated BRCA1 from G 0 ͞G 1 -enriched cells had a faster mobility than untreated protein suggests that BRCA1 has a certain level of constitutive phosphorylation (hypophosphorylation) and that progression through S phase causes a hyperphosphorylation of the protein.
DISCUSSION
We present evidence that BRCA1 is a nuclear phosphoprotein that is regulated in a cell cycle-specific manner. Our conclusions are based on the use of antibodies prepared against synthetic peptides derived from four different regions of the BRCA1 sequence.
Because BRCA1 contains at least two nuclear localization signals, it has the ability to translocate to the nucleus. Furthermore, BRCA1 interacts with the importin-␣ subunit of the nuclear transport signal receptor (11) . The C-terminal domain of BRCA1 can activate transcription of a heterologous promoter (33, 34) . Thus BRCA1 can function as a transcriptional transactivator. Consistent with these ideas, subcellular fractionation of a human breast cancer, a ''normal'' breast cell, and a cervical carcinoma cell line revealed that the concentration of BRCA1 protein is highest in the nucleus. Our results are in agreement with those of others (13, 16, 26, 27) . However, one group claims that BRCA1 is normally nuclear but localizes to the cytoplasm in most breast and ovarian cancer cells (10, 11, 15) . Additionally, another group has reported that BRCA1 is a 190-kDa protein that localizes to secretory vesicles (17) .
The conflicting results regarding the localization of BRCA1 protein can partially be explained by the nature of the antisera used for detection. For instance, the commercially available antibody C-20 (Santa Cruz Biotechnology) raised against the extreme C-terminal BRCA1 epitope crossreacts with EGFR and HER2 (30) . With our C-terminal antibody (Ab-D), we also detected a strongly crossreacting protein(s) at Ϸ150 kDa, mainly in membrane fractions (Fig. 3) . However, our N-terminal and central antibodies [Ab-A and -C (data not shown)] did not react with the Ϸ150-kDa species. Therefore, this protein(s) may share an epitope related to the extreme BRCA1 C terminus but is probably not a BRCA1 protein. Certain lower molecular weight proteins detected in some cell lines might represent alternatively spliced variants of BRCA1 (3, 12, 13, 27) . In addition to antibody quality, immunofluorescence results are subject to a variety of experimental conditions. Variations in fixation and staining conditions can dramatically influence immunostaining experiments (15, 16) . We have carried out immunofluorescence experiments. Our results depended on the cell lines analyzed, the antibodies used, and the processing conditions applied. Staining ranged from periplasmic, to cytoplasmic, to nuclear (homogenous and dot pattern), and to both cytoplasmic and nuclear.
Since BRCA1 is involved in oncogenesis, the fate of BRCA1 protein during cell cycle progression was followed. HeLa cells synchronized by reversible arrest in S or M phase or partial arrest in G 0 were harvested at different times after release from the block. Additionally, cells in different cell cycle phases were separated by centrifugal elutriation. All three methods revealed that BRCA1 undergoes hyperphosphorylation during G 1 -S transition and remains in this state throughout M phase. The protein is partially dephosphorylated in early G 1 phase but maintains a level of constitutive phosphorylation. It also appears that the level of BRCA1 protein changes in a cell cycle-dependent manner. BRCA1 levels are highest during S-phase progression and remain elevated until M phase. The changes in BRCA1 levels parallel its hyperphosphorylation and correlate with changes in BRCA1 mRNA levels (data not shown). In T24 bladder carcinoma cells, BRCA1 is also expressed and phosphorylated in a cell cycledependent manner (31) . The fluctuations of BRCA1 with respect to the cell cycle indicate that BRCA1 may play a role in cell cycle regulation at G 1 -S transition and͞or G 2 -M phase. In contrast, BRCA1 protein levels appear unaltered during cell cycle in MCF10A cells (35) .
Consistent with its identification as a tumor suppressor gene, several reports attribute a negative role for BRCA1 in regulation of cell proliferation (9, 27, 36). BRCA1 has also been shown to be a positive regulator of the proliferative process in early embryonic development (37) . Mice lacking the Brca1 gene die early during embryonic development (37) (38) (39) . These animal experiments contrast with the normal growth and development of human homozygous mutants (40) . In human breast epithelial FIG. 6 . BRCA1 phosphorylation is increased in S phase. HeLa cells were released from a nocodazole-induced block as described for cells, BRCA1 mRNA levels are subject to changes during the cell cycle, reaching maximal levels in late G 1 and S phases (41, 42) . BRCA1 has also been associated with cellular differentiation (43, 44) . Moreover, BRCA1 associates with Rad51 in mitotic and meiotic cells, suggesting that BRCA1 is involved in control of recombination and genome integrity (45) . Finally, BRCA1 may function by regulating apoptosis (46) . However, no defect in apoptosis was observed in homozygous Brca1-mutant mice (37) .
Since BRCA1 is a good candidate as a cell cycle regulator, the phosphorylation state of BRCA1 may prove to be important for this function. Identification of the protein kinase(s) involved in BRCA1 hyperphosphorylation and the protein phosphatase(s) involved in its subsequent dephosphorylation will provide further insight into BRCA1 function. Although the biochemical consequences of phosphorylation are not known, it may influence the subcellular localization of BRCA1 and͞or its interaction with other proteins. Finally, if BRCA1 regulates the cell cycle as a transcription factor, it will be important to determine if it binds DNA directly or is a coactivator.
